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3D-printed hollow microneedle-based
electrochemical sensor for wireless glucose
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Wearable electrochemical sensors have aroused tremendous attention due to their great potential for
in situ and continuous assessment for glucose monitoring. The conventional fingerstick test is the easiest
and most efficient method for glucose evaluation, but it is invasive and painful. Here we introduce a wear-
able and user-friendly microneedle-based electrochemical sensor, fabricated via resin 3D printing with an
affordable desktop 3D printer and featuring a single-atom nanozyme-modified electrode, offering high
sensitivity and superior selectivity for glucose monitoring. This minimally invasive electrochemical sensor
demonstrates the capability to extract artificial interstitial fluid using hollow microneedles and a finger-
activated pump, enabling continuous monitoring of dynamic glucose concentration changes. This
electrochemical sensor exhibits remarkable sensitivity and selectivity, with a linear range of 0.1 uM to
50 mM and a limit of detection of 0.285 pM, attributed to the incorporation of single-atom nanozymes
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with peroxidase-like enzymatic activity. The glucose concentration data are wirelessly transmitted to a
smartphone application in real time, offering user-friendly access and facilitating remote monitoring. The
described electrochemical sensor presents the possibilities for point-of-care health monitoring
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Introduction

Diabetes is a widely spread chronic metabolic disorder.'?
Glucose is the most important risk indicator of diabetes, and
strict glycemic control and continuous glucose monitoring
have been proven remarkable in reducing the deterioration of
diabetes and preventing secondary complications.**
Continuous glucose monitoring can provide accurate and
reliable glucose measurements in real time.>°® Traditional fin-
gerstick glucose sensing is invasive and painful, inevitably
causing damage to the skin if tested 6 to 8 times a day.” To
address these challenges, various wearable noninvasive or
minimally invasive sensors have emerged as promising
alternatives for continuous glucose monitoring.®® These
devices leverage advanced technologies such as optical,'>"!

thermal,'>"? and transdermal electrochemical techniques,'**
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offering high versatility. Despite their potential, they still face
limitations, including sensitivity, selectivity, biocompatibility
and user convenience."®

Interstitial fluid (ISF), particularly present in the dermal
layer of the skin, has a similar composition profile to blood
due to its capability to exchange substances between the cells
and blood by diffusion,'”'® making it a valuable candidate for
glucose monitoring.'® Despite being promising, obtaining ISF
is still challenged by the minuscule volumes available in the
dermis (120 pL cm™?) and the filtration effect caused by the
applied force, leading to slow extraction rates for continuous
sampling.’>*! Microneedles (MNs) have been used for drug
delivery and transdermal extraction.”** The length of the
MNs is generally between 100 and 1000 pm, which can guaran-
tee that MNs can puncture the stratum corneum without sti-
mulating the nerves and vessels in the dermis for painless and
minimally invasive effects.'®>® Hollow microneedles (HMNs)
have been reported to sample ISF via epidermis piercing and
capillary force for glucose monitoring.>®*” To date, the combi-
nation of micropores and the suction approach has improved
the collection rate over sole needle-based extraction and
reduced tissue damage caused by suction blisters.>!*%>°

Nanozymes, nanomaterials with enzyme-like activities, have
been developed as efficient catalysts by researchers due to the
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advantages of low cost, ultrahigh activity, high stability and so
on.’*?! Single-atom nanozymes (SANs), a class of nanozymes
characterized by atomically dispersed active sites, exhibit
enzyme-like activity and chemical stability, endowing them
with unique catalytic performance.>”® Recently, Fe-based
SANs with dispersed Fe atoms, known as Fe-N-C-based SANs,
have shown superior peroxidase-like characteristics.®” The
superior catalytic performance of Fe-N-C SANs for hydrogen
peroxide (H,0,) makes them widely used in various sensor
applications, such as the detection of glucose, uric acid,
lactate, herbicide and butyrylcholinesterase, as reported in our
previous studies.*®*°

Herein, we present a novel wearable electrochemical sensor
for glucose monitoring in ISF. Compared with previous
glucose sensors, our study introduces an innovative combi-
nation of 3D-printed HMNs and SANs to address the key limit-
ations in existing technologies. HMNs are fabricated using
commercially available bio resin with an affordable desktop
3D printer (costing less than $600), significantly reducing the
cost of HMN-based biosensors.*’™** The HMNs allow mini-
mally invasive sampling for ISF and ensure safe interaction
with the skin without irritation and toxicity concerns. The inte-
gration of 3D-printed HMNs and a finger-activated pump
demonstrates the ISF extraction capability in a minimally inva-
sive approach, which is validated through the sampling of arti-
ficial ISF from a skin-mimicking phantom gel. In addition, the
incorporation of SANs significantly boosts the sensitivity and
selectivity of electrochemical sensing, offering a low limit of
detection (LOD) of 0.285 pM for glucose within a wide detec-
tion range of 0.1 pM-50 mM. Furthermore, the sensor is
coupled with a potentiostat, enabling real-time and wireless
data transmission to a smartphone application to provide
immediate results of glucose levels. Beyond glucose detection,
this versatile platform holds great potential for expanding the
detection of a wide range of biomarkers in ISF. This research
aims to develop and validate the wireless sensor, showcasing
its sensitivity and selectivity using a skin-mimicking phantom
gel, thereby laying the foundation for future advancements in
wearable biosensors.

Experimental
Fabrication of HMNs and a pump using resin 3D printers

HMNSs (5 x 5 array) and an elastic pump were fabricated using
Anycubic bio resin on a resin 3D printer (Anycubic Photon
Mono M5s Pro, Anycubic Technology Co., Shenzhen, China)
and Elastic 50A Resin V2 (Form 3) on Form 3+ printer
(Formlab, Somerville, MA, USA), respectively. The HMN arrays
and pump were designed in AutoCAD software (Fusion 360,
Autodesk, USA) and exported to .STL format files. The HMN
model files were subsequently rotated by 45 degrees along
both the X and Y axes for optimized supports and sliced using
Anycubic Photon Workshop software, while the pump was
auto-oriented and sliced by PreForm software. After the 3D
printing process was complete, the prints were removed from
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the build platform and cleaned with an isopropyl alcohol solu-
tion to wash off residual resin. These prints were post-cured in
a UV curing machine (4 = 405 nm) for solidification, followed
by the removal of model supports.

Morphological characterization of HMNs

HMNs were coated with 10 nm thick gold and characterized by
scanning electron microscopy (SEM) with a FEI SEM Apreo
Volumescope. SEM imaging of the HMNs was used to image
the morphology of the HMNs after fabrication and the HMN
tip deformation during compression and parafilm penetration
tests.

Mechanical and penetration tests of HMNs

The compression tests and parafilm penetration tests were per-
formed using an Instron universal testing machine (Instron,
model 600DX-C4A-G7G, Canton, MA, USA). The compression
tests were used to examine the mechanical strength and the
parafilm penetration tests were used to evaluate the pene-
tration efficiency of the 3D-printed HMNs.* HMN patches
were placed on the test platform with the tips upward, and a
vertical force was applied at a moving speed of 1 mm min".
The loading force against displacement data was recorded
during the test until the maximum force of 50 N was reached.
For the parafilm penetration tests, HMN patches were placed
on the top of the eight-layer parafilm (127 um thickness per
sheet) with the tip facing down, and the vertical force was
applied to the HMNs at a load rate of 1 mm min~'. When the
loading force reached 40 N, the ramp speed was reduced to
0 mm min~" and the force was maintained for 30 s.** After
that, the HMNs were removed and the parafilm sheets were
separated to count the holes created on each layer. These
mechanical tests were repeated 3 times. The penetration
efficiency was calculated according to the ratio of holes gener-
ated in each layer using the following equation:*®

Hole created (%) = (number of holes observed /number of HMN)
X 100.

Preparation of Fe-N-C SANs

The preparation of Fe-N-C SANs was based on our previous
reports.”’” 100 mg of Fe(NO;);9H,0 was introduced into
160 mL of methyl alcohol containing 3.39 mg of Zn
(NO3),-6H,0O with intense ultrasound for 30 min. Following
this, another 160 mL of methyl alcohol solution containing
3.94 g of 2-methylimidazole (2-MeIM) was added to the above
solution. Then, the above mixture was sealed in an Erlenmeyer
flask, shaken for 1 min and allowed to stand overnight at
60 °C. Fe-doped zeolitic imidazolate framework-8 (ZIF-8) was
collected after centrifugation at 7000 rpm (Eppendorf
Centrifuge 5804 R, Germany) for 10 min and washed three
times with deionized water and ethyl alcohol, respectively. Fe-
N-C SANs were obtained from a pyrolytic process of Fe-doped
ZIF-8 at 900 °C (Across International STF 1200 Tube Furnace,
USA) under a nitrogen atmosphere for 30 min, followed by an
ammonia atmosphere for 30 min. Fe-N-C SANs were washed
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with 2 M of HCI at 60 °C for 6 h. Finally, the Fe-N-C SANs
were dried in a freeze dryer (FreeZone 4.5 Liter-50C benchtop
freeze dryer) and stored away from light for later use.

Characterization of Fe-N-C SANs

The morphology and structure of Fe-N-C SANs were obtained
using transmission electron microscopy (TEM) with an FEI
Tecnai G2 20 Twin TEM operated at 200 kV and equipped with
a LaBg electron source. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was per-
formed using a Hitachi HD2700C microscope operating at an
accelerating voltage of 200 kV. The instrument is equipped
with a probe aberration corrector, offering a spatial resolution
of <1 A and an energy resolution of 0.35 eV. The collection
angle ranges from 64 to 341 mrad for HAADF.

Based on the protocol from previous studies, the enzyme
activity of Fe-N-C SANs was measured and calculated.*®*° For
peroxidase-like activity, 10 pL of 10 mg mL™" 3,3,5,5-tetra-
methylbenzidine (TMB) solution and 1 pL of 1 M H,0, solu-
tion were added to 88 pL of 0.2 M sodium acetate-acetic acid
buffer (pH = 4.0). Subsequently, 1 pL of 0.02 mg mL~" Fe-N-C
SAN dispersion was introduced and mixed thoroughly. The
absorbance at 652 nm was monitored every 10 s over a 10 min
period. For evaluation of oxidase-like activity, the same pro-
cedure was followed, except that H,O, was not added. All
experiments were conducted at 37 °C. The enzyme activity was
calculated using the following equation:

V. _AA
VA
where U is the enzyme activity (U), V is the total reaction solu-
tion volume, ¢ is the molar adsorption coefficient of the TMB
substrate (39 000 L mol™" cm™" at 652 nm), [ is the optical path
length of the reaction system (cm), and AA/At (min™") is the
rate of the absorbance change during the initial 1 min.

Electrochemical analysis was performed using cyclic vol-
tammetry (CV) and amperometry methods with a CHI660E
series electrochemical workstation (CH Instruments, Inc.,
Austin, USA). Firstly, screen-printed electrodes (SPEs) were acti-
vated using the CV method in 0.1M PBS (pH = 7.4) solution
over a potential range from —2.5 V to 2.5 V at a scan rate of
100 mV s™' for 15 cycles. 5 mg of Fe-N-C SANs were
thoroughly dispersed in a mixed solution containing 990 pL of
PBS and 10 pL of 1 wt% Nafion to prepare a 5 mg mL ™" Fe-N-
C SAN ink (hereinafter referred to as “ink”). 4 pL of 5 mg mL™"
ink was added dropwise onto the working electrode (WE)
surface of the SPE, and the electrode was then dried at room
temperature to obtain the SAN-modified SPE. The bare SPE
was immersed in 10 mL of 0.01 M phosphate-buffered saline
(PBS) containing 0 and 2.5 mM H,O0, for electrochemical ana-
lysis using CV. Similarly, 10 mL of 0.01 M PBS containing 0,
1.25, 2.5 and 3.75 mM H,0, was measured with a SAN-modi-
fied SPE using the CV method. The CV measurements were
conducted over a potential range from —1.0 V to 0.6 V at a scan
rate of 50 mV s~'. Amperometry was used to analyze the con-
tinuous response of the SAN-modified SPE to increasing con-

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

centrations of H,0,. Amperometry measurement was per-
formed at a potential of —0.2 V using the SPE. First, the SAN-
modified SPE was immersed in 100 mL of continuously stirred
0.01 M PBS solution without H,0,. To simulate increasing con-
centrations, 50 pL of 200 mM H,0, (prepared in PBS) was
manually added to the stirred solution using a pipette. Each
addition was performed only after the current signal stabilized,
ensuring accurate measurement of the response to each incre-
mental concentration. The corresponding current change over
time was recorded. The above electrochemical data were all
smoothed and analyzed using CHI660e software.

Preparation and detection performance of Fe-N-C SAN-
modified SPEs

SAN-modified SPEs, prepared as described in the
“Characterization of Fe-N-C SANs” section, were immersed in
2 mg mL™" glucose oxidase (GOx) solution for 24 h to obtain
SAN/GOx-modified SPEs. Meanwhile, the SPEs without SANs
were also immersed in 2 mg mL™" GOx solution for 24 h to
obtain GOx-modified SPEs. The bare SPE, GOx-modified SPE,
SAN-modified SPE and SAN/GOx-modified SPE were analyzed
in a 2.5 mM glucose solution using the CV method with a
CHI660E electrochemical workstation. The CV settings were
the same as those described in the “Characterization of Fe-N-
C SANs” section. The amperometry method was applied for
glucose detection at —0.22 V using a CHI660E electrochemical
workstation. p-Glucose was dissolved in 0.01 M PBS (pH = 7.4)
to prepare glucose solutions with a concentration range of
0.1 pM to 50 mM for the calibration curve. 70 pL of glucose
solution was added dropwise onto the surface of three electro-
des (WE, counter electrode and reference electrode) of the
SAN/GOx-modified SPE to obtain the response currents at
—0.22 V to varying glucose concentrations. Then, 5 mM uric
acid, r-alanine, lactate, and ascorbic acid were prepared for the
interference test. 70 pL of interference solution was added
onto the SAN/GOx-modified SPE to analyze the response
current using amperometry at —0.22 V. Seven identical SAN/
GOx-modified SPEs were made using the same method and
then tested with 2 mM glucose solution using amperometry.
Meanwhile, the SAN/GOx-modified SPEs were stored at 4 °C
and room temperature for one month and tested with 1 mM
glucose solution using amperometry every week. All the above
results obtained from the electrochemical workstation were
smoothed and analyzed using CHI660e software.

Glucose detection in artificial ISF

To prepare artificial ISF, 2.5 mM CaCl,, 5.5 mM glucose,
10 mM HEPES, 3.5 mM KCl, 0.7 mM MgSO,, 123 mM NacCl,
1.5 mM NaH,PO,, and 7.4 mM saccharose were dissolved in
Milli-Q water and the pH value was adjusted to 7.0 using HCI
solution.’®">> All chemicals were used without further modifi-
cation and purification. Artificial ISF solutions with varying
glucose concentrations were prepared by spiking glucose into
artificial ISF for subsequent detection. Glucose detection in
artificial ISF was conducted using an ECWP110plus wireless
potentiostat (Zensor R&D co., Ltd). The potentiostat device
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consists of a remote and a connector. The SAN/GOx-modified
SPE was inserted into the connector, while the remote was con-
nected to the USB port of a computer. The connector collected
the electric signal from the SPE and transmitted the signal to
the computer via the remote. The amperometric method was
applied to analyze the signal from the connector using
EIWP110 software (Zensor R&D co., Ltd) on the computer. The
operation interface is displayed in Fig. S1. As shown in
Fig. S1A and B, the potential was set to —0.22 V to obtain the
response currents, which were used to create the standard
curve correlating current with glucose concentration in ISF. In
Fig. S1C, the standard curve equation was entered into the
software for subsequent detection. The above method was also
applied to continuous glucose detection in ISF. To perform
continuous detection, the glucose solution was added to the
ISF solution to achieve a continuous increase of glucose con-
centration in 100 mL of ISF solution. During continuous
measurement, concentrations of glucose were 0.98, 5.98, 10.60
and 20.05 mM, respectively. After adding glucose solution in
artificial ISF, the magnetic bead was constantly stirred in the
ISF solution to quickly reach the target glucose concentration.
The amperometry curve was generated after analysis using
EIWP110 software. The glucose concentration was then calcu-
lated using the pre-entered equation and displayed on the
computer software interface. Meanwhile, the result was sent
wirelessly and displayed on the smartphone application ECWP
(Zensor R&D co., Ltd).

Evaluation in a skin-mimicking phantom gel

To simulate the mechanical properties of human skin, a skin-
mimicking phantom gel was prepared and used to evaluate
the electrochemical performance of the sensor.® A 1.4%
agarose gel was prepared by mixing 140 mg of agarose into
10 mL of the aforementioned artificial ISF. The mixture was
continuously stirred at 120 °C until it became completely
clear. Subsequently, the solution was poured into round-
shaped molds to solidify at room temperature. To further
mimic skin, a layer of parafilm was placed over the prepared
gel.”” During the phantom hydrogel experiments, the HMNs of
the sensor penetrated through the parafilm into the phantom
gel. The HMNs remained in contact with the gel for 1 min
before the electrochemical detection of glucose.>® This setup
verified the ISF sampling ability and the electrochemical sensi-
tivity of the integrated sensor. The same method used for
glucose detection in ISF was applied to detect glucose concen-
tration in a skin-mimicking phantom gel. The signal from the
connector was analyzed by amperometry using EIWP110 soft-
ware. Once the current stabilized, the gel with a certain con-
centration of glucose was replaced with the gel containing a
different glucose concentration. Glucose ISF solutions of 1, 2,
5, 10, 15 and 20 mM were detected in a skin-mimicking
phantom gel. The result was sent to a smartphone application
after software analysis using amperometry. In addition, the
stability and repeatability of the finger-activated pump were
evaluated by quantifying the extracted volume per actuation.
Prior to testing, the integrated sensing platform was comple-
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tely dried at room temperature to eliminate moisture inter-
ference during volume measurement. After each actuation, the
pump extracted ISF analog through HMNs from the skin-
mimicking phantom gel. The sensing platform was weighed to
determine the mass change, which was then converted to
volume. The extraction experiment was performed 30 times to
assess sampling repeatability. Meanwhile, the pump was actu-
ated 100 times to evaluate the mechanical durability and oper-
ational stability.

Results and discussion

Design of a 3D-printed HMN-based electrochemical sensor

As illustrated in Fig. 1A, the 3D-printed HMN-based electro-
chemical sensor includes three key components: (1) a touch-
activated pump to enhance fluid extraction, (2) a SAN-functio-
nalized SPE for in situ and real-time electrochemical glucose
analysis, and (3) a 3D-printed HMN array for minimal invasive
extraction of ISF. The flexible and soft 3D-printed pump (inner
chamber volume: 232.8 ecm®) is incorporated to create negative
pressure by finger pressing to facilitate the sampling of ISF
through the HMNs and transport it to the surface of the
sensing area. Once the finger load is removed, the pump can
self-recover to the initial state. The WE (area: 7.1 mm?) of SPE
is functionalized by SANs for the sensitive detection of glucose
in ISF. The SPE is stabilized between the pump and HMN
patch by two-part epoxy adhesive (Loctite® Epoxy Clear Multi-
Purpose, Henkel). Two circular holes (1 mm in diameter) are
pre-punched between the electrodes, serving as channels to
generate negative pressure inside the HMNs. The fabrication
process, as shown in Fig. 1B, comprises three steps: (1) modify
the WE of the SPE with SANSs; (2) punch two circular holes
between three electrodes; and (3) attach the HMNs and the
pump with adhesive to both sides of the SPE. During measure-
ment, the SPE is connected to a finger-sized potentiostat,
where the electrochemical signals are recorded as electric
signals and wirelessly transmitted. The glucose concentration
results are displayed on a smartphone application for real-time
health monitoring.

Synthesis and characterization of Fe-N-C SANs

The preparation of Fe-N-C SANs was based on the previous
reports.*®*” The synthesis schematic diagram is shown in
Scheme 1. Briefly, the ZIF-8, a class of metal-organic frame-
works, was synthesized from Zn(NO;), and 2-methylimidazole.
Subsequently, Fe(NO;);-doped ZIF-8 (ZIF-8@Fe(NO;);) was pre-
pared using ZIF-8 as precursor and Fe(NO;); as the dopant
source. The Fe-N-C SANs were then obtained after pyrolysis at
900 °C. The transmission electron microscopy (TEM) image
shows the characterization results of the Fe-N-C SANs
(Fig. 2A). Fe-N-C SANs of similar shape and size (rhombic
dodecahedral) were observed in the TEM image. Fig. 2B dis-
plays a HAADF-STEM image of Fe-N-C SANSs. Bright dots are
observed in images, representing dispersed Zn and Fe atoms.
This phenomenon is attributed to the Z-contrast between

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Characterization and performance of Fe—N—C SANs. (A) TEM image of the Fe—N-C SAN structure; (B) HAADF-STEM image of Fe—N—C SANs.
The circled bright dots are ascribed to the dispersed Zn and Fe atoms; (C) CV curves of bare and SAN-modified SPE in PBS solution with or without
2.5 mM H;0,; and (D) the standard curve for glucose detection on the SAN/GOx-modified SPE. The left panel shows the detection range of 0.1 yM—
50 mM with the standard curve fitted from 0.1 mM to 50 mM, while the right panel shows the detection range of 0.1 pM—-0.1 mM with the standard
curve fitted exclusively for this range. All data are shown as mean + SD (n = 3).

metal and carbon. The single-atom feature of SANs, demon-
strated by the dispersed Zn and Fe in HAADF-STEM image, is
key to their peroxidase-like activity. Fig. S2A shows the absor-
bance-time curves of TMB chromogenic reaction catalyzed by
Fe-N-C SANs in the presence or absence of H,0,. As the reac-
tion time increased, the absorbance at 652 nm increased
gradually over 600 s. Notably, a significant linear relationship
was observed between absorbances and reaction time within
the first 60 s. By selecting the initial 60 s as the linear phase,
the peroxidase-like and oxidase-like activity were calculated to
64.62 U mg™" and 20.79 U mg ", respectively, as shown in
Fig. S2B. The peroxidase-like activity of Fe-N-C SANs is higher
than that of commonly used peroxidase-like nanozyme, such
as Fe;0,, gold nanoparticles and carbon nanoparticles.*®>’

Electrochemical performance of Fe-N-C SANs

The CV method was employed to evaluate the electrocatalytic
performance of Fe-N-C SANs to H,0,. The Fe-N-C SANs were
loaded onto SPE at a density of 0.28 mg cm™>. The CV curves
of bare SPE and Fe-N-C SAN-modified SPE in the presence
and absence of 2.5 mM H,0, in 0.01 M PBS (pH = 7.4) are
shown in Fig. 2C. No significant peak was observed in the CV
curve of the bare SPE in PBS (labeled bare/PBS), while a weak
reduction peak appeared at —0.64 V in the presence of H,0,
(labeled Bare/H,0,), indicating that the reduction peak orig-
inates from the electrochemical reduction of H,O0,. In contrast,
the CV curve of the SAN-modified SPE in PBS (labeled SAN/
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PBS) showed a distinct reduction peak at —0.2 V, which was
absent in the bare electrode, suggesting this signal results
from the intrinsic redox activity of the Fe-N-C SANs.
Furthermore, the CV curve of the SAN-modified SPE in the
presence of H,0, (labeled SAN/H,0,) exhibited an enhanced
reduction peak at —0.2 V with a significantly increased current
compared to that of SAN/PBS. This shift from the typical
reduction potential of H,O, (—0.64 V) to —0.2 V demonstrates
the catalytic role of Fe-N-C SANs, which facilitates electron
transfer and enables more efficient H,O, reduction. This cata-
Iytic enhancement effectively reduces the overpotential by 0.44
V, indicating improved electrocatalytic activity toward H,O,
and contributing to enhanced selectivity by minimizing inter-
ference from other electroactive species. Fig. S3 shows the CV
curves of Fe-N-C SAN-modified SPE in PBS with increasing
concentration of H,0, (1.25, 2.5, and 3.75 mM). As the concen-
tration increases, the reduction peak current increases corre-
spondingly, indicating that H,O, is catalytically reduced by the
Fe-N-C SANs.

The continuous H,0, detection is shown in Fig. S4.
Fig. S4A shows the amperometry curve of Fe-N-C SAN-modi-
fied SPE during the continuous addition of H,0, in PBS solu-
tion at an applied potential of —0.2 V. With the addition of
H,0, solution, the response current increased gradually,
which demonstrates the catalytic performance of Fe-N-C
SANs. The concentration of H,0, in the system after adding
H,0, was recorded, and a linear relationship between H,O,

This journal is © The Royal Society of Chemistry 2026
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concentration and response current is shown in Fig. S4B. The
results indicate that the Fe-N-C SANs can be used for real-
time and continuous detection of H,0, by the electrochemical
method and the extremely high R* value (0.998) also reflects
the accuracy of the detection.

Detection performance of an Fe-N-C SAN-modified SPE

Fe-N-C SANSs, with their intrinsic peroxidase-like activity and
efficient catalytic performance toward H,0,, have emerged as
potential modified nanomaterials in electrochemical
biosensors.?”>® Based on our previous findings,?”*® we further
advanced their application by integrating Fe-N-C SANs with
GOx on an SPE to form a 3D-printed electrochemical biosen-
sing platform. In this platform, GOx catalyzes the oxidation of
glucose to gluconolactone, releasing H,0,, which is then cata-
Iytically reduced by Fe-N-C SANs.”® Therefore, Fe-N-C SANs
and GOx were immobilized on the SPE to construct an electro-
chemical biosensing platform in this study. Fig. S5 shows the
electrochemical response of SPEs with different modifications
to 2.5 mM glucose, measured using the CV method. Notably, a
significant reduction peak was observed at —0.22 V for the
SAN/GOx-modified SPE, indicating efficient electrocatalytic
reduction of H,O, generated from glucose by Fe-N-C SANSs,
thereby enabling sensitive glucose detection at a low potential.
In Fig. 2D, amperometric measurement was performed on the
electrode for the detection of glucose at —0.22 V in PBS (0.1 M,
PH = 7.4). The detection range of glucose sensing is from
0.1 pM to 50 mM, where a linear relationship between the con-
centration of glucose and responding current is observed from
0.1 mM to 50 mM, following the equation Y(nA) = 6.66 x
X(mM) + 86.8 and an R* value of 0.982. Besides this, another
linear relationship was also observed, following the equation
Y(nA) = 177 x X(mM) + 67.9 and an R” value of 0.990, ranging
from 0.1 pM to 0.1 mM. The LOD was calculated according to
the TUPAC-recommended approach, using the standard devi-
ation of blank measurements (n = 7) and the calibration
slope.®® Specifically, the signal-domain threshold was defined
as Iipop = Up *+ 3.3 X op, and the corresponding concentration-
domain LOD was obtained by substituting this threshold into
the calibration equation, yielding 0.285 pM. The LOD of the
SAN/GOx-modified SPE demonstrates a lower LOD compared
with most enzymatic and non-enzymatic electrochemical
glucose sensors reported in the literature (Table S1), showing
an enhancement of SANs for the sensitivity of glucose detec-
tion. In addition, the linear ranges and LODs of recently devel-
oped MN-based glucose sensors are summarized in Table S2.
Notably, the sensor developed in this study exhibits a lower
LOD and a broader detection range compared to most MN-
based sensors. For the practical application of glucose bio-
sensors, anti-interference, reproducibility and stability are very
crucial.®® Glucose sensing is affected by other substances in
ISF.®*®® Therefore, the response currents of glucose and
various interfering substances, including uric acid, r-alanine,
lactate and ascorbic acid, at the same concentration (5 mM)
were tested to investigate whether interference would affect
glucose detection. Fig. S6A shows the ratio of the response

This journal is © The Royal Society of Chemistry 2026
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current intensity of 5 mM interference at —0.22 V using
amperometry to the response current of glucose at a concen-
tration of 5 mM. The response currents of the interferences are
approximately 1% to 4% of glucose, indicating the response
current generated by the interferences is insufficient to affect
the accuracy of glucose detection. Therefore, the glucose bio-
sensor can detect glucose in the presence of interferences in
ISF. Fig. S6B shows the response current of 2 mM glucose solu-
tion measured using seven electrodes fabricated using the
same method. The relative standard deviation (RSD) of the
measured current was 1.46%, which means that the fabricated
SAN/GOx-modified SPEs have good reproducibility. Fig. S6C
also shows the response current of 2 mM glucose solution
measured using SAN/GOx-modified SPEs after 0, 7, 14, 21, 28
and 35 days of storage at room temperature. Most previously
reported glucose sensors show significant performance degra-
dation within 7 to 30 days of storage.®**® In contrast, the
SAN/GOx-modified SPEs were able to retain about 94.5% of
their response current after 35 days of storage at room temp-
erature, demonstrating the remarkable long-term stability of
Fe-N-C SANs.

Fabrication and characterization of an HMN patch

An HMN array was fabricated with an Anycubic SLA printer,
which has an XY resolution of 16.8 x 24.8 pm. As shown in
Fig. 3A and Fig. S7, the HMN array was composed of a 5 x 5
HMN array (12 x 12 x 1.5 mm, L x W x H) with side openings
(hole diameter of 0.16 mm) and through-microchannels (dia-
meter of 0.6 mm). The base diameter, tip diameter, wall thick-
ness and length of each HMN were 750 pm, 100 pm, 75 pm
and 1000 pm, respectively. The center-to-center interspacing
between HMN tips was optimized to 2 mm for optimal skin
permeability and a reduction of insertion force.®””*® For
superior sharpness and dimensional accuracy, the HMN patch
was printed with a 45° print angle along X and Y axes, with the
side opening of the HMNs facing downward.””’* The SEM
image, shown in Fig. 3A, depicts the morphology of the
printed HMNs.

To visualize the stress distribution of the compression tests,
finite element analysis (FEA) of a single HMN was performed
via Ansys 2024 R2 using the CAD model with a load force of 2
N on the tip surface. The estimated values of the commercial
bio resin parameters were 1150 kg m~> for density, 0.35 for
Poisson’s ratio, and 3.78 x 10° Pa for Young’s modulus,
respectively. The resultant equivalent von-Mises stress is
depicted in Fig. 3B, indicating that the highest stress concen-
tration occurred at the tip of the MN (estimated around 2.14 x
10° Pa) and gradually decreased along the shaft.””

Penetrating the stratum corneum of human skin requires a
minimum insertion force of 0.08 N per needle.”® To investigate
its mechanical robustness, compression tests were conducted
by applying a force of 50 N. The SEM image in Fig. 3C
suggested that the MNs maintained overall structural integrity
with only minimal and non-fracture deformation after pene-
tration tests, confirming that each needle can withstand at
least 2 N without fracture. Under the given force load, the
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Fig. 3 Fabrication and characterization of the HMN patch. (A) Fabrication process and SEM of HMNs; (B) FEA of HMNs after compression; (C) SEM
of HMNs after the compression test; (D) compression results of HMNSs; (E) penetration results of parafilm penetration tests; (F) SEM of HMNs after
parafilm penetration tests; (G) optical photos of the hole created on the parafilm (from the 1% layer to the 6" layer); (H) penetration efficiency of the
HMNs on the parafilm; and (1) time-lapse images of porcine skin after MN array insertion. Images were taken at 0, 6 and 12 min after insertion.

deformation was manifested towards the side with a hollow
hole without any fracture, which was consistent with the FEA
result. The MNs exhibited a height reduction of 2.55 + 0.84%
after the penetration tests. The recorded force-displacement
curve for Samples 1-3 (Fig. 3D) demonstrates that the whole
compression process was kept in the elastic region, assuring
that the HMNs did not fail during the compression experi-
ments. The penetration performance and depth of the HMNs
were subsequently assessed on Samples 4-6 using parafilm
penetration tests.** A force load was applied at a speed of
1 mm min~"' and removed when the resistance reached 40 N
and then held for 30 s.*” The deformation resistance gradually
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decreased to approximately 25 N (Fig. 3E). After the separation
of HMNs, the SEM image (Fig. 3F) of the HMNs and the
optical images of the parafilm layers (Fig. 3G, from the 1%
layer to the 6 layer) were obtained. The penetration efficiency
was analyzed according to the holes created on each parafilm
layer and the results are shown in Fig. 3H. It can be concluded
that 82.67 + 1.89% of the fabricated HMNs were able to pierce
about 3 layers of parafilm, confirming the successful pene-
tration of HMNs into the dermis layer for ISF sampling.”* To
further evaluate the mechanical behavior and insertion effect
of the MN array, we performed a time-lapse observation of
porcine skin after MN insertion using the same experimental

This journal is © The Royal Society of Chemistry 2026
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setup as the parafilm penetration test. Images were captured
every 2 min for a total of 12 min. Images at 0, 6 and 12 min
after insertion are shown in Fig. 31, while images at other time
points are provided in Fig. S8. Although the skin surface par-
tially recovered due to its elastic nature, persistent skin defor-
mation and dimpling at the insertion sites were clearly
observed over time, indicating localized mechanical disrup-
tion. Based on the visible imprint pattern, most of the MNs
exhibited successful insertion into the dermal layer to access
ISF. Comparable post-insertion skin images have been
reported in previous studies employing MNs with similar
shapes and lengths to those in the present study, where skin
penetration and ISF access were demonstrated.”>”® As shown
in Fig. 31 and Fig. S8, the puncture sites gradually became less
visible, indicating the minimally invasive nature of the MNs.
Thus, the 3D-printed HMNs demonstrated significant mechan-
ical stability and penetration performance for ISF sampling.

. — Parafilm
— Agarose hydrogel
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Validation of the integrated sensor on a skin-mimicking
phantom gel in vitro

Glucose sensing was performed in simulated artificial ISF and
the accuracy of the detection was verified using a SAN/GOx-
modified SPE. The ISF formula from previous studies was
slightly modified to prepare artificial ISF for glucose sensing
tests.’® Parafilm and an agarose hydrogel were used to mimic
human skin.”” The schematic diagram of the detection of
simulated skin ISF and the optical image of the detection
device is shown in Fig. 4A. The device includes an HMN array,
a soft, flexible pump and a SAN/GOx-modified SPE. Fig. 4B
illustrates the process for measuring glucose concentration in
ISF within a skin-mimicking model. The HMNs penetrated the
parafilm to absorb the ISF in the skin-mimicking model for
glucose detection, with the flexible pump providing negative
pressure for ISF extraction. The SAN/GOx-modified SPE for

\. - —
garose gel
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Fig. 4 Glucose detection in artificial ISF and a skin-mimicking phantom gel. (A) Schematic diagram of glucose detection using the SAN/GOx-
modified SPE sensor in the skin-mimicking model (left) and assembly of the SAN/GOx-modified SPE sensor (right); (B) glucose sensing operation
process in the skin-mimicking model; (C) MN array inserted into the skin-mimicking model; (D) MN array on the hydrogel in the skin-mimicking
model after detection; (E) the smartphone application used to display the glucose concentration measured using a glucose sensor; (F) standard
curve of current and glucose concentration in artificial ISF using an EIS potentiostat. Data are shown as mean + SD (n = 3); (G) chronoamperogram
for sensing glucose in artificial ISF using an EIS potentiostat; and (H) chronoamperogram for sensing glucose in the skin-mimicking model using an
EIS potentiostat.
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glucose sensing was connected to a wireless AC impedance/
electrochemical impedance spectroscopy (EIS) potentiostat/
EIWP110 to analyze the response current from the SPE.
Fig. 4C shows the MNs inserted into the hydrogel and suc-
cessfully extracted ISF. After the removal of the parafilm
layer, the remaining holes in the agarose hydrogel are shown
in Fig. 4D, demonstrating that the HMNs can pierce the par-
afilm layer and extract ISF from the hydrogel. The response
current was analyzed using an EIS potentiostat, and the
detection concentration of the biomarker was rapidly trans-
mitted wirelessly and displayed remotely on a smartphone
application, as shown in Fig. 4E. Therefore, the detection
method greatly reduces the time required to obtain glucose
levels, allowing for a quick response. The HMN array can
extract approximately 10-15 pL of liquid from the agarose
hydrogel, which is sufficient to meet the required volume
(8-10 pL) for electrochemical detection. Fig. 4F shows the
curve of current and glucose concentration obtained from
the glucose sensor at different glucose concentrations in arti-
ficial ISF. The settings of EWIP110 software are shown in
Fig. S1A and the responding current curves are shown in
Fig. S1B. Within the detection range, a linear relationship
between the glucose concentration and response current was
observed from 1 mM to 40 mM, following the equation,
Y(pA) = 0.0098 x X(mM) + 0.0184 and an R” value of 0.99.
The curve was used as the standard curve for subsequent
testing and the equation was entered into the software, as
shown in Fig. S1C. The continuous detection curve for
glucose in artificial ISF is shown in Fig. 4G. The concen-
trations of glucose for continuous detection were 0.98, 5.08,
10.6 and 20.05 mM. Through the addition of glucose ISF
solution, the response current increased rapidly and then the
current value was stabilized. The results indicate that the
glucose electrochemical sensor can continuously and rapidly
measure the glucose concentration in artificial ISF. Fig. 4H
shows the chronoamperogram of glucose detection in a skin-
mimicking model. The detection concentrations were 1, 2, 5,
10, 15 and 20 mM, respectively. As the increase of the
glucose concentration in ISF, the response current increased
progressively. When a time range was selected, the software
would calculate the average current during this time and
transfer current to concentration through the previously
entered standard curve equation and transmit it wirelessly to
the smartphone app. To further validate the glucose sensor
detection performance, the detection results from the sensor
were compared to the reference values of glucose concen-
tration in artificial ISF and the skin-mimicking model, as
shown in Table S3. The glucose recoveries from artificial ISF
and the skin-mimicking model were approximately 102%-
104% and 97%-105%, respectively, demonstrating that the
proposed sensor can accurately measure the glucose concen-
tration in a simulated ISF environment. Compared to pre-
vious sensors with a limited transmission distance, the pro-
posed sensor achieves a reliable wireless range of 20 m, pro-
viding greater mobility and flexibility to users. Therefore, the
device combines an HMN-based SAN/GOx-modified SPE with
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an EIS potentiostat to achieve real-time and continuous
glucose monitoring in ISF in a skin-mimicking model by
changing the time range.

The sampling stability and repeatability of the 3D-printed
electrochemical biosensing platform were evaluated, and the
results are provided in the SI. Fig. S9A and B present the
images of the finger-activated pump before use and after 100
extraction cycles. No damage in shape, appearance, or actua-
tion performance was observed after repeated operation, indi-
cating that the pump maintains stable mechanical integrity
and can withstand long-term cycling use. The pump extraction
procedure is shown in Movie S1, which demonstrates that the
pump can be easily actuated and rapidly recovers its original
shape, supporting its reliability for continuous extraction. In
addition, the extraction volume per actuation is summarized
in Fig. S9C. The volume ranges from 9.4 to 15.1 pL across 30
sequential cycles, which is sufficient to meet the biosensing
volume requirement and confirms the capability for repeated
sampling.

Compared with previously reported MN-based sensors, our
platform addresses several key limitations. Prior MN-based
sensors often rely on multi-step lithography, silicon etching, or
PDMS micromolding, which result in high fabrication cost
and limited structural tunability.””””® For example, silicon
etching MNs require multiple complex steps, including wafer
spin-coating, photoresist patterning, silicon dioxide etching,
and wet etching. These fabrication routes depend on multiple
expensive instruments and prolonged processing, which sig-
nificantly increase the production cost and reduce scalabil-
ity.”® PDMS-based MN arrays also involve silicon mold fabrica-
tion, PDMS shape-transfer twice and encapsulation.”® In con-
trast, 3D printing enables rapid, low-cost production of HMNs
with controlled geometry, improving uniformity and scalability
for future manufacturing. Furthermore, the Fe-N-C SANs
employed in this work address the inherent limitations of
natural enzyme-based MN sensors, such as degradation and
narrow operational stability.*®>® The Fe-C-N SANs developed
in this study provide durable catalytic activity for long-term
storage and monitoring, compared to reported MN-based
sensors. In addition, previously reported MN-based sensors
typically require benchtop potentiostats and wired connec-
tions, limiting their portability and suitability for practical
wearable applications.®”®" In contrast, the wireless module
integrated in the present biosensing platform enables real-
time glucose readout through a smartphone interface, greatly
enhancing portability and user comfort.

Conclusion

This study successfully demonstrated a SAN-functionalized,
3D-printed HMN-based electrochemical sensor for wireless,
continuous and real-time glucose monitoring in ISF. The
HMNs were fabricated using an affordable desktop 3D printer,
underscoring its potential for low-cost and rapid prototyping.
The integration of HMNs and a finger-activated, soft, flexible
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pump exhibits the potential for minimally invasive sampling
of ISF. The SAN-boosted electrochemical sensor exhibited high
sensitivity and remarkable selectivity, while the wireless poten-
tiostat enabled user-friendly, real-time, and continuous moni-
toring of glucose levels. In the proof-of-concept, a skin-
mimicking model was used to validate the electrochemical
sensing capability and sensitivity. Our integrated wearable
sensor provides a feasible solution for continuous and precise
glucose monitoring, representing the potential for health
monitoring. Future studies will focus on extending the vali-
dation to in vivo animal models to evaluate ISF extraction
efficiency, real-time monitoring performance, and biocompat-
ibility, including potential inflammatory responses. Upon suc-
cessful preclinical validation, we plan to translate this platform
for human testing with appropriate ethical approvals.
Additional efforts will also intend to refine fabrication tech-
niques to develop miniaturized devices and optimize material
properties for enhanced sensing performance. Moreover, we
aim to expand our device’s capabilities to monitor multiple
biomarkers for comprehensive health management. With
these advancements, we believe that our work is promising to
notably contribute to the development of next-generation wear-
able devices, paving the way for personalized healthcare.
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